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Abstract
To date, few studies have explored the neurochemical mechanisms supporting individual differences in food preference in
humans. Here we investigate how dorsal striatal dopamine, as measured by the positron emission tomography (PET) tracer
[18F]fluorometatyrosine (FMT), correlates with food-related decision-making, as well as body mass index (BMI) in 16 healthy-
weight to moderately obese individuals. We find that lower PET FMT dopamine synthesis binding potential correlates with
higher BMI, greater preference for perceived ‘‘healthy’’ foods, but also greater healthiness ratings for food items. These
findings further substantiate the role of dorsal striatal dopamine in food-related behaviors and shed light on the complexity
of individual differences in food preference.
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Introduction
Modern society is surrounded by an overabundance and a wide-
variety of food choices, which in part contributes to the growing
overweight population in the United States [1]. Yet, the
underlying neurochemical mechanisms supporting individual
differences in food preferences are not well-understood. Some
individuals naturally base their food preferences more on the
health value of food items versus the taste value of food items, and
the ventromedial prefrontal cortex (vmPFC) has been shown to
play a role in goal values related to influences of ‘‘health’’ and
‘‘taste’’ [2]. Furthermore, there is a wide variation in individuals’
judgment of caloric content and perceived ‘‘healthiness’’ of food
items [3], and studies show perceived ‘‘healthy’’ foods are over-
consumed as compared to perceived ‘‘unhealthy’’ foods, despite
equal nutritional value [3,4].
Dorsal striatal dopamine has been shown to play a role in
motivation for food in both human and animal models [5,6,7], yet
the relationship between dopamine and food desirability or
preferences in humans has not been thoroughly explored.
Additionally, studies that utilize PET ligands that bind dopamine
receptors have shown correlations with BMI, however, in both
positive [8] and negative [9] directions, and not all studies find
significant associations (for review see [10]). Also, due to the nature
of these PET ligands that are dependent on the state of
endogenous dopamine release, it is difficult to interpret relation-
ships between striatal dopamine and BMI. Lower dopamine
receptor binding could represent fewer existing striatal dopamine
receptors (i.e. a negative relationship between PET binding and
BMI, as found in [9]), or greater dopamine receptor binding could
represent lower endogenous dopamine release, allowing more
available receptors in which the PET ligand could bind (i.e. a
positive relationship between binding and BMI, as found in [8]).
To complement previous studies that have utilized PET ligands
that bind dopamine receptors, here we used a stable measurement
of presynaptic dopamine synthesis capacity with the PET ligand
[18F]fluorometatyrosine (FMT) that has been extensively studied
in human and animal models [11,12,13,14].
The aims of our study were to investigate the relationship
between dorsal striatal PET FMT dopamine synthesis measures
and BMI and to study how these PET FMT dopamine synthesis
measures may correlate with individual differences in food
preference. We hypothesized that lower PET FMT dopamine
synthesis binding would correspond with higher BMI, as suggested
by previous work [15]. We also predicted that individuals with
lower endogenous striatal dopamine would have greater overall
preference for food items (i.e. both ‘‘healthy’’ and ‘‘unhealthy’’
foods) as compared to individuals with higher striatal dopamine
and that an individual’s health perception of food items may also
influence preference.
Methods and Materials
Subjects
Thirty-three healthy, right-handed subjects who previously
received PET FMT dopamine synthesis scans were invited to
participate in the behavioral study presented here and were given
no prior knowledge to the study, only informed that it involved
studying complex decision-making. Of these 33, 16 subjects agreed
to participate (8 M, age 20–30). BMI ((weight in kilograms)/
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(height in meters)‘2)) was calculated for all subjects (range: 20.2–
33.4, with 1 obese, 4 overweight and 11 healthy-weight subjects).
Subjects had no history of drug abuse, eating disorders, major
depression and anxiety disorders. Subjects were also asked to if
they were in very poor, poor, average, good or excellent health. All
reported to be in overall average to excellent health and not
currently dieting or trying to lose weight. Socioeconomic status
(SES) was also collected from individuals using the Barratt
simplified measure of social status (BSMSS) [16].
Ethics Statement
All subjects gave written informed consent and were paid for
participation according to institutional guidelines of the local ethics
committee (University of California Berkeley (UCB) and Lawrence
Berkeley National Laboratory (LBNL) Committee for the Protec-
tion of Human Participants (CPHP) and Lawrence Berkeley
National Laboratory Institutional Review Boards (IRB)). UCB’s
and LBNL’s CPHPs and IRBs specifically approved the studies
presented here
PET data acquisition and analysis
PET imaging and FMT binding were performed at Lawrence
Berkeley National Laboratory, as described previously [17]. FMT
is a substrate of aromatic L-amino acid decarboxylase (AADC), a
dopamine-synthesizing enzyme whose activity corresponds to the
capacity of dopaminergic neurons to synthesize dopamine [13]
and has been shown to be indicative of pre-synaptic dopamine
synthesis capacity [18]. FMT is metabolized by AADC to
[18F]fluorometatyramine, which is oxidized to [18F]fluorohydrox-
yphenylacetic acid (FPAC), remains in the dopaminergic terminals
and is visible on PET FMT scans. Thus, signal intensity on PET
FMT scans has been shown to be comparable with [18F]fluor-
odopa [18], in which tracer uptake is highly correlated (r = 0.97,
p,0.003) with striatal dopamine protein levels in post-mortem
patients, as measured by high performance liquid chromatograph-
ic (HPLC) methods [19]. Moreover, in comparison to [18F]fluor-
odopa, FMT is also not a substrate for O-methylation and
therefore provides higher signal-to-noise images than [18F]fluor-
odopa [18]. Additionally, FMT measures have been shown to
directly correspond with dopamine measures in animal Parkin-
son’s disease models [14].
Scans were conducted either from 9AM-12PM or 1PM-4PM.
The average delay between acquisition of the PET FMT
dopamine synthesis data and the behavioral data was 2.3760.26
years, comparable to the delay reported in a previous study from
our lab utilizing PET FMT [11]. Although this delay is not ideal, a
study by Vingerhoets et al. [20] has shown that striatal Ki related
to presynaptic dopamine is a relatively stable measurement, having
a 95% chance of remaining within 18% of its original value within
individual healthy subjects over a 7-year time-span. Therefore,
FMT measures, comparable to [18F]fluorodopa [13], are thought
to reflect relatively stable processes (i.e. synthesis capacity) and
therefore not particularly sensitive to small state-related changes.
Additionally, BMI was not significantly different between the
acquisition of the PET and behavioral data (average change in
BMI: 0.1361.45, T(15) = 0.2616, p = 0.79, two-tailed paired t-
test). Also, all subjects were screened for any lifestyle changes in the
time since last testing (i.e. change in diet and exercise/daily
activity, smoking or drinking, mental health or medication status).
Finally, change in BMI from time of the PET FMT scan to
behavioral testing as well as the time elapsed between PET scan
and behavioral testing were used as variables in the multiple
regression data analysis.
PET scans were performed using the Siemens ECAT-HR PET
camera (Knoxville, TN). Approximately 2.5 mCi of high specific
activity FMT was injected as a bolus into an antecubital vein and a
dynamic acquisition sequence in 3D mode was obtained for a total
of 89 min scan time. Two high-resolution anatomical images
(MPRAGE) were acquired in each participant on a Siemens 1.5 T
Magnetom Avanto MRI scanner (Siemens, Erlangen, Germany),
using a 12-channel head coil (TE/TR=3.58/2120 ms; voxel
size = 1.061.061.0 mm, 160 axial slices; FOV=256 mm; scan-
ning time ,9 minutes). The two MPRAGEs were averaged to
obtain one high-resolution structural image, which was used to
generate individual caudate and cerebellum regions of interest
(ROI).
Left and right caudate and cerebellum ROIs (used as reference
region, as in previous studies [11]) were manually drawn on each
participant’s anatomical MRI scan using FSLView (http://www.
fmrib.ox.ac.uk/fsl/), as described previously [21]. Both inter- and
intra-rater reliability were above 95% (from ratings made by two
lab members). To avoid contamination of FMT signal from
dopaminergic nuclei, only the posterior three-fourths of the gray
matter were included in the cerebellar reference region. After co-
registration to PET FMT space, only the voxels with an above
50% chance to lie in the ROIs were included to ensure high grey
matter probability.
PET FMT images were reconstructed with an ordered subset
expectation maximization algorithm with weighted attenuation,
scatter corrected, motion-corrected and smoothed with a 4 mm
full width half maximum kernel, using Statistical Parametric
Mapping version 8 (SPM8) (www.fil.ion.ucl.ac.uk/spm/). The
anatomical MRI scan was coregistered to the mean image of all
realigned frames in the PET FMT scan using FSL-FLIRT (http://
www.fmrib.ox.ac.uk/fsl/, version 4.1.2). Using an in-house
graphical analysis program implementing Patlak plotting [22,23],
Ki images, representing the amount of tracer accumulated in the
brain relative to the reference region (cerebellum [11,12], a
standard practice in PET analysis to minimize potential confounds
of noise from PET data), were created. Ki values were obtained
separately from the left and right caudate ROIs and associations
were computed between Ki values, BMI, and the behavioral
measures. Additionally, since age and sex have been shown to
have an effect on FMT binding [15,24], correlations between
FMT and BMI were corrected for age and sex (as well as any
changes in BMI from time of PET scan to behavioral testing) by
control variables in a Pearson’s partial correlation.
Behavioral paradigm
Subjects were asked to eat a typical, but not too heavy meal an
hour prior to the testing session. In order to encourage compliance
with this request, testing sessions were scheduled after typical meal
times (i.e. 9AM, 2PM and 7:30PM), and time of last meal was
recorded. Food items consumed prior to testing and the elapsed
time from last meal eaten to testing session were recorded, (as
determined by the resource www.caloriecount.com and meal and
serving sizes self-reported by individual). To ensure hunger was
not influencing the task, we also measured hunger and fullness
with a visual analog scale [25].
Pictures of eighty food items were used in which subjects were
asked to rate the items in 3 separate blocks based on 1) desirability,
2) healthiness and 3) tastiness in the program E-Prime Professional
(Psychology Software Tool, Inc., Sharpsburg, PA, USA) (see
Figure 1). In order to create a task with balanced numbers of
healthy, unhealthy and neutral food items, we first created an
objective health value for each of the eighty food items by
assigning a standardized, objective score of -3 (very unhealthy) to +
Dopamine and Food Preference
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3 (very healthy) to each food based on a letter grade (ranging from
F-minus (very unhealthy) to A-plus (very healthy)) and nutritional
information from the on-line resource www.caloriecount.com.
These letter grades incorporate several factors (i.e. calories, grams
of fat, fiber etc.) and are listed as an on-line reference for ‘‘choices
for healthy eating,’’ as stated on the website. We then balanced the
task with approximately equal numbers of healthy (i.e. foods with
objective scores of 2 or 3, such as fruit and vegetables), neutral (i.e.
foods with objective scores of 1 and 21, such as saltine crackers)
and unhealthy items (i.e. foods with negative objective scores of
22 or 23 such as highly processed candy bars).
Subjects were first asked to rate the degree to which they
‘‘desired’’ or ‘‘wanted’’ each item (scale of 1 (strongly do not want)
to 4 (strongly want)), referred to throughout the text as
‘‘preferred’’, a term consistent with the literature [2]. The food
item would appear and the subject would have up to 4 seconds to
respond, and they rated all eighty food items before continuing to
the subsequent ‘‘health’’ and ‘‘taste’’ blocks (see below). Because
humans have the capacity to modulate food choices based not only
on taste for certain foods, but also on perceptions of healthiness
[26], we only asked the subject to rate how much they would want
the food or find the food desirable and the preference block was
always presented first. In an attempt to capture how much the
subject actually preferred the food items presented, subjects were
informed they would receive a food item from the task at the end
of testing based on their ‘‘desirability’’ ratings. The subjects also
did not know in the upcoming second and third blocks (described
below), they would be asked to judge how healthy and tasty they
found each food item.
In the second block, subjects rated how much they perceived the
eighty food items as healthy or unhealthy (23 for very unhealthy
to 3 for very healthy) and in a third block, how tasty they found the
eighty food items (23 for not at all tasty to 3 for very tasty). The
order of these blocks was consistent for all subjects, as we did not
want to influence health ratings in a potential order effect. The
subjects were informed that the ratings of health and taste would
not affect the item they would receive based on their answers in
the ‘‘desirability’’ block. We chose a 6-point scale for health and
taste values to allow a wider range of measuring taste/health
perception, including a ‘‘neutral’’ rating corresponding to 21 and
+1, whereas the 4-point scale of the desirability/preference block
would reflect only preferred or non-preferred food items. The total
task lasted approximately 25 minutes. Subjects were asked at the
end of the task if there were any food items that were unfamiliar
that may have led to non-responses. All subjects reported
familiarity with food items and all items were given ratings for
all three blocks by all subjects.
Dopamine in the dorsal striatum has been shown to have a
strong association in motivation for food [5,6,7]. Taste perception
is also highly correlated with desirability of food, in that most
humans prefer foods that they also find tasty [27]. Because there
are many combinations of the preference, taste and health blocks
that could be examined, to eliminate multiple comparisons and the
potential for spurious correlations, based on this literature, we
examined the number of food items that were self-rated as 1)
preferred, tasty, and perceived ‘‘healthy’’ and 2) preferred, tasty,
and perceived ‘‘unhealthy’’. (Preferred items rated as 3 or 4 in the
‘‘desirability’’ block; tasty items rated as 2 or 3 in the ‘‘tastiness’’
block; perceived ‘‘healthy’’ items rated as 2 or 3 and perceived
‘‘unhealthy’’ items rated as 22 or 23 in the ‘‘healthiness’’ block).
Post-hoc analysis also investigated the ratio of perceived
‘‘healthy’’-to-‘‘unhealthy’’ food items, the number of preferred
perceived ‘‘healthy’’ food items that were not actually objectively
rated as healthy (i.e preferred items that the individual rated as
healthy minus items the subject rated as preferred that were
actually healthy as determined by the assigned objective health
score. (For example, if a subject rated ‘‘crackers’’ as a preferred
perceived healthy food with a healthy score of 3 (very healthy), and
the assigned objective health score was a 1 (neutral-healthy), this
would be counted as a preferred perceived healthy food that was
not actually healthy). Average calories for preferred items from
each individual subject were also calculated.
Statistical Analysis
Step-wise multiple linear regression was used to test the
relationships between the two separate dependent variables: 1)
preferred, tasty and perceived healthy and 2) preferred, tasty and
perceived unhealthy food items, and the independent variables:
right caudate PET FMT values, left caudate PET FMT values,
BMI, age, sex, socio-economic status, any changes in BMI
between PET and behavioral testing and time elapsed between
PET and behavioral testing in SPSS version 19 (IBM, Chicago,
Ill., USA), with inclusion of the independent variable to the model
Figure 1. Behavioral Task. Subjects rated food items based on A)
Preference (i.e. ‘‘wanting/desirability’’), rated on a scale of 1–4 B)
Perceived healthiness, rated on a scale of 23 to +3 and C) Tastiness,
rated on scales 23 to +3. Food items rated 3 or 4 in the preference/
desirability block were scored as ‘‘preferred’’, while those rated 2 or 3 in
the healthiness/tastiness blocks were rated as perceived ‘‘healthy’’/
‘‘tasty’’ and 22 or 23 as perceived ‘‘unhealthy’’/‘‘untasty’’.
doi:10.1371/journal.pone.0096319.g001
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set at p,0.05 and excluded with p.0.1. The perceived ‘‘healthy’’-
to-‘‘unhealthy’’ ratio was highly correlated with the dependent
variable of preferred perceived ‘‘healthy’’ items (r = 0.685, p,
0.003), and therefore, we were unable to enter this variable into
the model. However, Pearson’s partial correlations, corrected for
age, sex and any BMI changes, were used to test direct
relationships between right caudate PET FMT and 1) BMI, 2)
perceived ‘‘healthy’’-to-‘‘unhealthy’’ ratio and 3) average calories
of preferred items, conducted with SPSS version 19 (IBM,
Chicago, Ill., USA). We also further tested the relationship
between PET FMT dopamine synthesis values, the number of
preferred perceived ‘‘healthy’’ food items that were not rated as
healthy by the calculated score, and preferred items that were
rated as healthy by the calculated score in a step-wise multiple
regression model. (The number of preferred perceived ‘‘healthy’’
food items not rated as healthy by the calculated score, and
preferred items rated as healthy by the calculated score were not
significantly correlated (r = 0.354, p= 0.23). We also tested if there
was a relationship between change in BMI and the dependent
variables: left and right caudate PET FMT values, SES, age, sex,
time between PET imaging and behavioral testing, number of
preferred perceived ‘‘healthy’’ foods and preferred perceived
‘‘unhealthy’’ foods using step-wise linear regression. Data are
shown as Pearson r-values.
Results
Relationship between PET FMT dopamine synthesis
values and BMI
We first tested whether a significant relationship exists between
caudate PET FMT dopamine synthesis values and BMI measure-
ments across 16 individuals (average-to-moderately overweight/
obese individuals). We found a significant negative correlation
between caudate PET FMT dopamine synthesis values and BMI,
with higher BMI individuals having lower dopamine synthesis
(Figure 2A: PET FMT raw images of higher (left) and lower
(right) BMI individuals; Figure 2B: right caudate, r =20.66,
p = 0.014, left caudate: r =20.22, p = 0.46 (not significant (n.s.)),
controlled for age, sex and any changes in BMI from PET FMT
dopamine synthesis scan to behavioral testing).
Relationship between PET FMT dopamine synthesis
values and food preference
Subjects rated eighty food items in 3 separate blocks based on
the their perception of 1) desirability, 2) healthiness and 3) tastiness
of each food item (see Figure 1). Approximately 50% of the items
were healthy and unhealthy, as set forth by health information
(SeeMethods and Materials). Dopamine in the dorsal striatum
has been shown to have a strong association in motivation for food
[5,6,7], while hedonic properties of food are mediated through
other neuronal mechanisms [7,27]. However, taste perception is
highly correlated with desirability of food, in that most humans
prefer foods that they also find tasty [27]. Here we also find that
taste perception and preference are highly correlated, in that items
preferred are also rated as tasty (r = 0.707, p,0.002).
Therefore, to examine how health perception may influence
food-related decision-making, we utilized step-wise multiple linear
regression to model the relationships between the dependent
variable of the number of food items rated as preferred, tasty and
perceived healthy and the independent variables of FMT in the
left and right caudate, BMI, age, sex, SES, change in BMI from
time of PET scan to behavioral testing and time elapsed from time
of PET to behavioral testing. Right caudate PET FMT dopamine
synthesis values significantly contribute to the regression model for
the number of preferred, tasty items that were perceived as healthy
(Beta:20.696; t(15) =23.625, p,0.003, Figure 3), while all other
independent variables were excluded from the model as non-
significant (t(15),1.216, p.0.246). We also tested the hypothesis
that the number of preferred, perceived ‘‘unhealthy’’ items would
also show a relationship with these independent variables, but no
independent variable was entered into the model as significant (F,
2.7, p.0.1). Thus, individuals with lower caudate PET FMT
dopamine synthesis values have greater preferences for perceived
‘‘healthy’’ but not perceived ‘‘unhealthy’’ food items.
Relationship between PET FMT dopamine synthesis
values and health perception of food items
We hypothesized that the relationship between caudate PET
FMT dopamine synthesis values and preference for perceived
‘‘healthy’’ items may be due to individual differences in the health
perception of food items. Although we designed the task with an
approximate 1:1 ratio of healthy to unhealthy food items,
individuals varied widely in their perception of the healthiness of
the items, with ratios of healthy to unhealthy items ranging from
1.83:1 to 0.15:1. Therefore, as a post-hoc analysis, we investigated
the relationship between right caudate PET FMT dopamine
synthesis and the ratio of perceived ‘‘healthy’’ to ‘‘unhealthy’’
items, and found a significant negative correlation (r =20.534,
p = 0.04), with lower caudate PET FMT dopamine synthesis
values corresponding to greater numbers of items perceived as
‘‘healthy’’ compared to ‘‘unhealthy’’.
We therefore utilized step-wise multiple linear regression to
investigate the relationships between caudate PET FMT dopa-
mine synthesis and preference for perceived healthy but not actual
healthy foods (as determined by the objective calculated score, see
Methods), and preference for healthy foods as determined by the
objective calculated score. We found a significant relationship
between caudate PET FMT dopamine synthesis values and
preference for perceived healthy but not actual healthy foods
(Beta: 20.631, t(15) =23.043, p,0.01), but no significant
relationship between caudate PET FMT dopamine synthesis
values and preference for actual calculated healthy foods (t(15) =
21.54, p.0.148), indicating preference for over-perceived
‘‘healthy’’ foods correlated more strongly in lower FMT individ-
uals. Furthermore, there was no significant relationship between
caudate PET FMT dopamine synthesis values and the average
calories of preferred items (r = 0.288, p.0.34), indicating that
lower PET FMT dopamine synthesis individuals did not differ in
the caloric content of preferred foods.
We also did not find any relationship between change in BMI
and PET FMT dopamine synthesis values, SES, age, sex, time
between PET imaging and behavioral testing, number of preferred
perceived ‘‘healthy’’ foods or preferred perceived ‘‘unhealthy’’
foods (p.0.1).
Time of testing session, time elapsed since last meal, and
number of calories eaten at the last meal were not significantly
correlated with any behavioral measures (p.0.13). Hunger and
fullness measures also did not correlate with any of the behavioral
measures (p.0.26).
Discussion
The aim of this study was to investigate the relationship between
endogenous caudate dopamine synthesis, BMI and food-related
behavior. We found that lower caudate dopamine synthesis as
measured by PET FMT dopamine synthesis correlated with 1)
greater BMI and 2) greater preference for perceived ‘‘healthy’’
foods. We also found a relationship between lower caudate PET
Dopamine and Food Preference
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FMT dopamine synthesis values and greater over-rating of the
healthiness of food items, as well as a significant correlation with
greater preferred perceived ‘‘healthy’’ foods that were not actually
healthy. We found no significant relationship between PET FMT
dopamine synthesis and the average caloric content of preferred
food items.
Research suggests that preference for and overconsumption of
unhealthy foods are two of the many contributors to weight gain
and higher BMI (Centers for Disease Control and Prevention;
http://www.cdc.gov/obesity/index.html). Interestingly, we found
lower dorsal striatal dopamine synthesis correlated with greater
numbers of preferred, perceived ‘‘healthy’’ food items. Although
this correlation cannot imply causation, this finding suggests
endogenous differences in dorsal striatal dopamine synthesis may
in part play a role in individual differences for food preference.
Here we propose that lower caudate PET FMT dopamine
synthesis values represent lower tonic dopamine, which in
response to palatable stimuli, allows for greater phasic bursting
[28] and perhaps altered responsivity to foods. Additionally, these
differences in dorsal striatal dopamine may affect processing of
gustatory stimuli in somatosensory cortex, as a previous study has
shown altered activation in both dorsal striatal and somotosensory
regions with food intake in individuals susceptible to obesity [29].
Lower dorsal striatal dopamine may also result in connectivity
differences between the dorsal striatum and dorsolateral prefrontal
cortex (DLPFC), as suggested by our recent findings [30].
Therefore, we hypothesize dopamine-related dorsal striatal
mechanisms may influence health perception differences through
either connectivity with somatosensory processing (i.e. altered taste
sensation properties) or perhaps connectivity with DLPFC, which
has been shown to play a role in over-evaluation of previously
preferred choice items [31]. Functional magnetic resonance
imaging (fMRI) could elucidate these potential mechanisms of
individual differences in food preferences and over-rating of health
values.
Initially, we predicted that individuals with lower dorsal striatal
dopamine would have greater overall food preference (i.e. prefer
more number of items self-rated as ‘‘healthy’’ and ‘‘unhealthy’’), as
compared to individuals with higher dorsal striatal dopamine.
However, another finding of our study was that over-rating the
healthiness of foods (i.e. an increased sense of healthiness), but not
the caloric content of the preferred food items or preference for
objectively-defined healthy food items, was significantly related to
Figure 2. Dorsal striatal dopamine and BMI. A) PET imaging with FMT showed lower dorsal striatal dopamine synthesis capacity in a
representative higher BMI individual (left) than a representative lower BMI individual (right, raw images for illustration purposes only). B) BMI and
dorsal striatal dopamine were negatively correlated as measured by the PET ligand FMT, a measure of presynaptic dopamine synthesis capacity,
relative to the cerebellum (r =20.66, p = 0.014, n = 16, controlled for age, sex and any changes in BMI from PET scan to behavioral testing).
doi:10.1371/journal.pone.0096319.g002
Figure 3. Dorsal striatal dopamine and food-related behaviors.
A significant relationship was found between lower caudate PET FMT
dopamine synthesis values and greater preference for perceived
‘‘healthy’’ food items (Beta:20.696; t(15) =23.625, p,0.003).
doi:10.1371/journal.pone.0096319.g003
Dopamine and Food Preference
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endogenous dorsal striatal dopamine measures. Therefore, one
explanation for our findings of a significant relationship with only
perceived ‘‘healthy’’ foods may be that foods perceived as
‘‘healthy’’ are more justified as preferred. This may especially be
the case since our study purposely was conducted after the
subjects’ mealtimes when overall desire for food should be
minimal. Therefore, subjects had greater preference for over-
rated ‘‘healthy’’ foods even though they were satiated and not
hungry at the time. Future studies investigating the relationship
between endogenous striatal dopamine and food preferences in
hungry versus sated states would further substantiate this
hypothesis.
It can also be argued that health perception requires exposure
and experience with food items to gain a sense of health value, and
it may be the case that dietary lifestyle differences have influenced
or modified underlying dorsal striatal dopamine synthesis.
Furthermore, differences with familiarity of food items could have
attributed to differences in food preference or over-rating of foods
as healthy. However, subjects did report at the end of the task that
they were familiar with all food items (seeMethods). Although we
did not investigate differences in diet, we purposely screened
subjects that were not dieting at the time of the study. Additionally,
all of the subjects were young (age range 19–30) without any
history of eating disorders and rated themselves as in average to
excellent health. We also assessed socioeconomic status, and found
no influence. However, there are other environmental influences
on food preferences that in addition to striatal dopamine could be
explored further in future studies.
We hypothesize that the subtle individual differences in health
perception may contribute to increased BMI over time, as it has
been reported that minor increases in caloric intake on a daily
basis (whether perceived as ‘‘healthy’’ or ‘‘unhealthy’’) contribute
to overall weight gain [32]. Although we found no relationship
between BMI and health perception here, perhaps with a greater
range of BMI, over-rating of the healthiness of food items may be
more pronounced in higher BMI subjects. Our lack of significant
findings between BMI and food-related behaviors may also suggest
that endogenous striatal dopamine is more closely related to food-
related behavior than BMI itself as a phenotype, since BMI is
influenced by various complicated factors and may not be the best
predictor of behavior or neuroimaging findings (see [10] for
review). We also did not find any predictors for the change in BMI
for time elapsed between PET acquisition and behavioral testing,
although the change in BMI for subjects was small and not
significantly different between time points. However, future studies
utilizing PET FMT dopamine synthesis measures, along with food
preferences and health perception measures, in a population with
greater BMI fluctuation would be of great interest.
To complement previous studies that utilized PET ligands that
bind dopamine receptors, we utilized a measure of dopamine
synthesis capacity and show that lower dopamine synthesis in the
dorsal striatum (i.e. caudate) corresponds with higher BMI.
Though it should be noted, due to the cross-sectional nature of
our study, we cannot definitively conclude a cause or effect
relationship to lower dorsal striatal FMT dopamine synthesis
values corresponding with higher BMI. However, our study used
healthy-weight to moderately overweight/obese (i.e. non-morbidly
obese) individuals, and therefore our results may suggest that lower
dorsal striatal presynaptic dopamine measures could correspond
with a propensity towards obesity. On the other hand, it may also
be the case that downregulation of presynaptic dopamine in the
caudate has occurred in response to moderately higher BMI, as it
has been shown that dopaminergic signaling is decreased in
response to overconsumption of food in animal models [5,33], and
overconsumption of food is typically associated with weight gain
leading to higher BMI. Although we used individuals with a
limited range of BMI in our study, perhaps viewed as a limitation
of the study, we actually find the results even more compelling in
that a relationship between PET FMT dopamine synthesis and
BMI is present without including morbidly obese individuals.
Moreover, although our sample size (n = 16) was greater than or
comparable to other sample sizes in PET FMT studies
([11,12,15]), replication of our findings with a larger sample size
and a broader range of BMI would further substantiate our results
and may find greater preferences for unhealthy food items
correlating with lower PET FMT dopamine synthesis values,
which were not detected in our study.
In summary, although other neurotransmitter systems are
involved in feeding and weight regulation [7], our study finds a
role for dorsal striatal dopamine in food preferences as well as
health perception of food in humans. Future prospective studies
utilizing dopamine-related PET measures are of great interest to
investigate how endogenous dopamine, as well individual differ-
ences in food-related behavior, might correlate with body weight
fluctuation in humans.
Author Contributions
Conceived and designed the experiments: DLW EA SMG LCD.
Performed the experiments: DLW EA LCD. Analyzed the data: DLW
LCD. Wrote the paper: DLW. Edited and revised the manuscript: EA
SMG LCD WJJ MD.
References
1. Swinburn BA, Sacks G, Hall KD, McPherson K, Finegood DT, et al. (2011) The
global obesity pandemic: shaped by global drivers and local environments.
Lancet 378: 804–814.
2. Hare TA, Camerer CF, Rangel A (2009) Self-control in decision-making
involves modulation of the vmPFC valuation system. Science 324: 646–648.
3. Provencher V, Polivy J, Herman CP (2009) Perceived healthiness of food. If it’s
healthy, you can eat more! Appetite 52: 340–344.
4. Gravel K, Doucet E, Herman CP, Pomerleau S, Bourlaud AS, et al. (2012)
‘‘Healthy,’’ ‘‘diet,’’ or ‘‘hedonic’’. How nutrition claims affect food-related
perceptions and intake? Appetite 59: 877–884.
5. Johnson PM, Kenny PJ (2010) Dopamine D2 receptors in addiction-like reward
dysfunction and compulsive eating in obese rats. Nat Neurosci 13: 635–641.
6. Szczypka MS, Kwok K, Brot MD, Marck BT, Matsumoto AM, et al. (2001)
Dopamine production in the caudate putamen restores feeding in dopamine-
deficient mice. Neuron 30: 819–828.
7. Volkow ND, Wang GJ, Baler RD (2011) Reward, dopamine and the control of
food intake: implications for obesity. Trends Cogn Sci 15: 37–46.
8. Dunn JP, Kessler RM, Feurer ID, Volkow ND, Patterson BW, et al. (2012)
Relationship of dopamine type 2 receptor binding potential with fasting
neuroendocrine hormones and insulin sensitivity in human obesity. Diabetes
Care 35: 1105–1111.
9. Wang GJ, Volkow ND, Logan J, Pappas NR, Wong CT, et al. (2001) Brain
dopamine and obesity. Lancet 357: 354–357.
10. Ziauddeen H, Farooqi IS, Fletcher PC (2012) Obesity and the brain: how
convincing is the addiction model? Nat Rev Neurosci 13: 279–286.
11. Cools R, Frank MJ, Gibbs SE, Miyakawa A, Jagust W, et al. (2009) Striatal
dopamine predicts outcome-specific reversal learning and its sensitivity to
dopaminergic drug administration. J Neurosci 29: 1538–1543.
12. Cools R, Gibbs SE, Miyakawa A, Jagust W, D9Esposito M (2008) Working
memory capacity predicts dopamine synthesis capacity in the human striatum.
J Neurosci 28: 1208–1212.
13. DeJesus O, Endres C, Shelton S, Nickles R, Holden J (1997) Evaluation of
fluorinated m-tyrosine analogs as PET imaging agents of dopamine nerve
terminals: comparison with 6-fluoroDOPA. J Nucl Med 38: 630–636.
14. Eberling JL, Bankiewicz KS, O9Neil JP, Jagust WJ (2007) PET 6-[F]fluoro-L-m-
tyrosine Studies of Dopaminergic Function in Human and Nonhuman Primates.
Front Hum Neurosci 1: 9.
15. Wilcox CE, Braskie MN, Kluth JT, Jagust WJ (2010) Overeating Behavior and
Striatal Dopamine with 6-[F]-Fluoro-L-m-Tyrosine PET. J Obes 2010.
Dopamine and Food Preference
PLOS ONE | www.plosone.org 6 May 2014 | Volume 9 | Issue 5 | e96319
16. Barratt W (2006) The Barratt Simplified Measure of Social Status (BSMSS)
measureing SES.
17. VanBrocklin HF, Blagoev M, Hoepping A, O9Neil JP, Klose M, et al. (2004) A
new precursor for the preparation of 6-[18F]Fluoro-L-m-tyrosine ([18F]FMT):
efficient synthesis and comparison of radiolabeling. Appl Radiat Isot 61: 1289–
1294.
18. Jordan S, Eberling J, Bankiewicz K, Rosenberg D, Coxson P, et al. (1997) 6-
[18F]fluoro-L-m-tyrosine: metabolism, positron emission tomography kinetics,
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine lesions in primates. Brain Res
750: 264–276.
19. Snow BJ (1996) Fluorodopa PET scanning in Parkinson’s disease. Adv Neurol
69: 449-457.
20. Vingerhoets FJ, Snow BJ, Tetrud JW, Langston JW, Schulzer M, et al. (1994)
Positron emission tomographic evidence for progression of human MPTP-
induced dopaminergic lesions. Ann Neurol 36: 765–770.
21. Mawlawi O, Martinez D, Slifstein M, Broft A, Chatterjee R, et al. (2001)
Imaging human mesolimbic dopamine transmission with positron emission
tomography: I. Accuracy and precision of D(2) receptor parameter measure-
ments in ventral striatum. J Cereb Blood Flow Metab 21: 1034–1057.
22. Logan J (2000) Graphical analysis of PET data applied to reversible and
irreversible tracers. Nucl Med Biol 27: 661–670.
23. Patlak C, Blasberg R (1985) Graphical evaluation of blood-to-brain transfer
constants from multiple-time uptake data. Generalizations. J Cereb Blood Flow
Metab 5: 584–590.
24. Laakso A, Vilkman H, Bergman J, Haaparanta M, Solin O, et al. (2002) Sex
differences in striatal presynaptic dopamine synthesis capacity in healthy
subjects. Biol Psychiatry 52: 759–763.
25. Parker BA, Sturm K, MacIntosh CG, Feinle C, Horowitz M, et al. (2004)
Relation between food intake and visual analogue scale ratings of appetite and
other sensations in healthy older and young subjects. Eur J Clin Nutr 58: 212–
218.
26. Hare TA, Malmaud J, Rangel A (2011) Focusing attention on the health aspects
of foods changes value signals in vmPFC and improves dietary choice. J Neurosci
31: 11077–11087.
27. Berridge KC (2009) ‘Liking’ and ‘wanting’ food rewards: brain substrates and
roles in eating disorders. Physiol Behav 97: 537–550.
28. Goto Y, Otani S, Grace AA (2007) The Yin and Yang of dopamine release: a
new perspective. Neuropharmacology 53: 583–587.
29. Stice E, Yokum S, Burger KS, Epstein LH, Small DM (2011) Youth at risk for
obesity show greater activation of striatal and somatosensory regions to food.
J Neurosci 31: 4360–4366.
30. Wallace DL, Vytlacil JJ, Nomura EM, Gibbs SE, D9Esposito M (2011) The
dopamine agonist bromocriptine differentially affects fronto-striatal functional
connectivity during working memory. Front Hum Neurosci 5: 32.
31. Mengarelli F, Spoglianti S, Avenanti A, di Pellegrino G (2013) Cathodal tDCS
Over the Left Prefrontal Cortex Diminishes Choice-Induced Preference
Change. Cereb Cortex.
32. Katan MB, Ludwig DS (2010) Extra calories cause weight gain—but how much?
JAMA 303: 65–66.
33. Thanos PK, Michaelides M, Piyis YK, Wang GJ, Volkow ND (2008) Food
restriction markedly increases dopamine D2 receptor (D2R) in a rat model of
obesity as assessed with in-vivo muPET imaging ([11C] raclopride) and in-vitro
([3H] spiperone) autoradiography. Synapse 62: 50–61.
Dopamine and Food Preference
PLOS ONE | www.plosone.org 7 May 2014 | Volume 9 | Issue 5 | e96319
